Summar-Non-malignant dermal fibroblast strains, cultured from affected members of a Li-Fraumeni syndrome (LFS) family with diverse neoplasms associated with radiation exposure. display a unique increased resistance to the lethal effects of -y-radiation. In the studies reported here. this radioresistance (RR) trait has been found to correlate strongly with an abnormal pattern of post-y-ray DNA replicative synthesis. as monitored by radiolabelled thymidine incorporation and S-phase cell autoradiography. In particular. the time interval between the y-ray-induced shutdown of DNA synthesis and its subsequent recovery was greater in all four RR strains examined and the post-recovery replication rate was much higher and was maintained longer than in normal and spousal controls. Alkaline sucrose sedimentation profiles of pulse-labelled cellular DNA indicated that the unusual pattern of DNA replication in irradiated RR strains may be ascribed to anomalies in both replicon initiation and DNA chain elongation processes. Moreover. the RR strain which had previously displayed the highest post-y-ray clonogenic survival was found to harbour a somatic (codon 234) mutation (presumably acquired during culture in vitro) in the same conserved region of the p53 tumoursuppressor gene as the germline (codon 245) mutation in the remaining three RR strains from other family members. thus coupling the RR phenotype and abnormal post--y-ray DNA synthesis pattern with faulty p53 expression. Significantly. these two aberrant radioresponse end points. along with documented anomalies in c-mc and c-raf-l proto-oncogenes. are unprecedented among other LFS families carrying p53 germline mutations. We thus speculate that this peculiar cancer-prone family may possess in its germ line a second, as yet unidentified, genetic defect in addition to the p53 mutation
The recognition of enhanced radiosensitivity as a hallmark of the hereditary neurovascular and cancer-prone disorder ataxia-telangiectasia (A-T) (Gatti and Painter, 1993) has precipitated an intensive search for additional cancer-predisposing conditions associated with radiotoxicity (Murnane and Kapp, 1993) . Our ongoing survey of cellular radiation response in vitro has focused on clinically affected members of 'cancer families' characterised by a marked excess of histologically proven malignancies, especially those that appear to have arisen on exposure to ionising radiation (Paterson et al., 1983 (Paterson et al., , 1986 . In one of the most informative kindreds studied thus far, an aggregation of mesenchymal and epithelial neoplasms representative of those seen in the familial cancer syndrome originally described by Li and Fraumeni (1969) (Li-Fraumeni syndrome. LFS) , has appeared over six generations in a pattern compatible with autosomal dominant transmission of an altered, highly penetrant gene (Blattner et al.. 1979) . Two members of this kindred presented with clinical complications linked to previous radiation exposure: a teenaged boy developed a vertebral osteosarcoma in the field of radiotherapy which had been administered 12 years earlier for a bilateral malignant neurilemmoma; and his paternal great-uncle contracted the preleukaemic condition polycythaemia vera 5 years after occupational exposure to radioactive heavy water (Blattner et al., 1979) . Using post-y-ray colony-forming ability (CFA) as hypothesise that such tolerance to the killing effects of radiation may in some way be genetically linked to a propensity to develop a variety of common tumours.
Chang and co-workers reported that RR fibroblast strains from affected members of this LFS kindred exhibit elevated expression of c-myc and may. on the basis of indirect evidence, harbour c-raf-1 in an activated. tumour-predisposing form (Chang et al.. 1987 : Pirollo et al., 1989 . The products of these two proto-oncogenes are known to participate at different stages in membrane signalling and transduction pathways regulating cell proliferation and apoptosis. c-raf-1 is a cytosolic senine threonine protein kinase responsible for transmission of signals initiated at the cell membrane by growth factor receptors and protein kinase C (Magnuson et al., 1994) ; c-mvc is a downstream nuclear regulator of gene expression (Spencer and Groudine. 1991; Marcu et al., 1992) .
In addition, four of the six RR strains, established from different members of this family. carry, in a heterozygous state in the germ line, a point mutation in codon 245 of p53 (Srivastava et al., 1990; Parshad et al., 1993) . a tumoursuppressor gene encoding a nuclear phosphoprotein implicated in the control of cell cycle progression via its transcnptional transactivation activity (Levine et al.. 1994; Prokocimer and Rotter. 1994 ).
This study compares the effects of 6'Co y-rays on the rate of replicative DNA synthesis in several RR and control (normal and A-T) fibroblast strains. We demonstrate that the RR phenotype is accompanied by an abnormal pattern of DNA synthesis following radiation exposure. Evidence is also presented showing that the RR strain, which displays the highest post-'y-ray CFA. harbours a somatic point mutation (presumably acquired during in vitro culture) in the same conserved domain of the p53 gene as the germline mutation in other family members, thus coupling these two aberrant radiation response end points with faulty p53 expression.
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Materials and metbods
Cell strains and their cultivation The experiments described below were performed on fibroblast strains established from normal skin biopsy explants of 11 human subjects. Five strains, four from healthy volunteers and one from an A-T patient, served as normal and radiosensitive controls respectively, while the remaining six strains, four from affected members and two from spousal controls in the LFS family, were used as test strains (Table   I) . Each strain was classified as normal, sensitive or resistant, depending on its CFA status following acute exposure to y-radiation delivered under oxic conditions. All strains were free of mycoplasma contamination. as judged by assaying exogenous [3H luridine, [3HHuracil uptake into RNA (Schneider et al., 1974 To measure the production and rejoining of y-ray-induced DNA strand breaks, pairs of RR Second, a single 7-ray dose (e.g. IOGy) was administered, and cultures were pulse labelled after various periods of post-irradiation incubation (< 16 h), hence monitoring both (i) the magnitude of and (ii) the extent and duration of recovery from the transitory depression of DNA synthesis resulting from the radiation treatment.
Alkaline sucrose gradient analysis Unlabelled logarithmic cultures were exposed to 10 Gy of v-radiation (or sham irradiated) and pulse labelled ([methyl-3H] dThd; 15 min) at selected incubation times, as described above. After rinsing with ice-chilled PBS, each culture was mechanically detached, and a 200 IL sample of a single-cell suspension (I0' cells ml-' in PBS) was gently pipetted onto 0.8 ml of lysis solution (1 M sodium hydroxide-0.1 M disodium EDTA) on top of an 11 ml linear gradient of 5-20% (w/v) sucrose in 2 M sodium chloride-0.3 M sodium hydroxide-10 mm disodium EDTA (pH 12.5). After holding in the dark at room temperature for 1 h, the gradients were centrifuged (30 000 r.p.m., 3 h, 20-C) in a Sorvall TH-641 rotor driven by a Sorvall RC70 ultracentrifuge (DuPont Canada, Mark-ham, ON, Canada). Finally, each gradient was fractionated (14 drops per fraction), and the TCA-insoluble radioactivity in each fraction was measured. Changes in the shape of the resulting profiles for a particular strain under different treatment conditions and at different times of pulse labelling provided insight into the relative size of nascent DNA strands in S-phase cells as a function of post-irradiation incubation. We were thus able to deduce the inhibitory effect of radiation on (i) initiation of replicating units (replicons) not yet in operation and (ii) chain elongation of replicons already in operation (Painter and Young, 1980) . Autoradiography The rate of DNA synthesis per S-phase cell was determined by in situ autoradiography. Logarithmic phase cultures were seeded on sterile glass cover slips (placed in 35 rpm dishes) at approximately 5 x 104 cells in a final volume of 2 ml of dThd-free medium. After incubation for 2 days, cultures were exposed to 10 Gy of 7-rays (or sham irradiated), incubated for I or 2 h in dThd-free medium, and then pulse labelled for 30 min in medium containing 3.7 x 10 Bq[methyl-3H]dThd (specific activity, 2.4 x 10" Bq mmolP') per ml (Jaspers and Bootsma, 1982) . Cells were rinsed with PBS and incubated for 10 min with diluted fixing solution [methanol/acetic acid (3:1), mixed 1:1 in PBS], followed by incubation with undiluted fixing solution for a further 10 min, before drying in air. Cover slips were mounted on glass microscope slides, which were then dipped in Kodak NTB-2 nuclear track emulsion, dried, exposed at 4'C for 7 days, and finally processed in a Kodak D19 developer (Cleaver and Thomas, 1981) . The number of silver grains above the nucleus of S-phase cells was determined automatically by digitised image microscopy (Palcic and Jaggi, 1990 (Strauss, 1994 Table I ) and was therefore chosen as the representative RR strain in the first set of experiments. As depicted in Figure 1 , strand breaks were produced in 'y-ir- (Figure 3 ). In keeping with the findings of others (Houldsworth and Lavin, 1980; de Wit et al., 1981) , the dose-response curve for the A-T strain was monophasic with a slope roughly parallel to that of the shallow, high-dose component of the curves for the two normal strains. As shown in the lower panel of Figure 3 , the abnormally high rate of DNA synthesis in A-T cells was maintained at 10 h post irradiation.
It is apparent in Figure 3 that exposure of 2800T cells to 7-radiation caused an early inhibition of DNA synthesis which was more depressed than that observed in irradiated normal cells. Interestingly, the dose-response pattern exhibited by these radioresistant cells was in the opposite direction from normal with respect to that displayed by the radiosensitive A-T cells during the 15 to 75 min post-?-ray labelling period, that is DNA synthesis was suppressed to a greater extent in RR cells than in normal controls at each dose administerd [e.g. 50% vs approximately 65% of the control DNA synthesis level, respectively, after 10 Gy (Figure 3,  top) ]. Furthermore, the data in the lower panel of Figure 3 suggest that 2800T cells possess a markedly greater potential than do normal cells of recovering from the inhibitory effects of ?-rays on DNA synthesis, as the rate of [3H]dThd incorporation in 2800T cells rose through the normal range to the level occurring in A-T cells by 10 h following irradiation.
Kinetics of DNA synthesis during post-irradiation cell icubaton To follow the time course of change in post-7-ray DNA synthesis, cultures were exposed to a dose of 10 Gy and pulse labeled with [3HdThd at various times during subsequent incubation. The outcome of a typical experiment involving 2800T and two normal control strains is depicted in Figure 4 , and results from multiple experiments on several test (RR and spousal control) and control (normal and A-T) strains are summarised in Figure 5 ; 2800T and GM38 were included in all experiments as reference strains. In all four normal controls, the replication rate decreased sharply, reaching a minimal level, namely approximately 55% of that of the sham-irradiated samples, at 1 h post treatment ( Figure 5 , top left); this was followed by a 3 h recovery phase whereupon synthesis again declined rapidly such that by 8 h the level was y-Ray dose (Gy) only 40% of that occurring in undamaged cultures. As is evident in Figure 4 and the lower left panel of Figure 5 , the kinetics of post-irradiation DNA synthesis in 2800T cells differed from that arising in normal controls in the following ways: (i) the initial depression was both more abrupt and more extensive, falling to approximately 45%, compared with approximately 55%, of the unirradiated value; (ii) the time at which recovery began was delayed by about 1 h, commencing at approximately 2 h after irradiation; (iii) the extent of increase during the recovery phase (i.e. the difference between minimal and maximal levels) was more than 2-fold greater glycine'aspartic acid) of the p53 gene in this kindred (Chang et al., 1987; Pirollo et al.. 1989; Cunningham et al., 1991) . Nevertheless, with the exception of a reported normal codon 245 (Parshad et al., 1993) , strain 2800T has apparently not been analysed for mutations in the p53 locus. We thus used PCR to amplify and sequence exons 5, 6. 7 and 8 encompassing highly conserved domains III, IV and V (Soussi et al., 1990) , as these regions are well-known mutational hotspots in the p53 gene (Harris and Hollstein, 1993;  Levine et al., 1994; Soussi et al.. 1994) . 2800T cells do indeed harbour the wild-type codon 245 of p53 (Figure 8) . However, an A-*G transition mutation was detected in these same cells at the second nucleotide of codon 234 in the non-coding strand of p53. This point mutation, which results in cysteine replacing tyrosine at this position. was verified by sequencing the coding strand of the product as well as both the coding and non-coding strands of two other PCR samples. No additional mutations were observed in exons 5, 6 or 8 or elsewhere in codon 7 (unpublished data). As illustrated in Figure 8 (Figure 8) as the germline mutation in the remaining three RR strains studied here (Srivastava et al.. 1990: see Table I ). In the last three RR strains, the mutant and wild-type p53 gene products. although present in equal amounts. combine to form a severely impaired tetrameric protein complex (Srivastava et al.. 1993 Although all three cancer-predisposing genes have been linked separately to cellular radioresistance in vitro. the evidence is only compelling for p53 and. even then. primarily in haematological cell types (Slichenmyer et al.. 1993 : Stewart. 1994 : Warenius et al.. 1994 . In human tumour cell lines of different histological origin, elevated levels of Raf-1 protein correlate significantly with intrinsic cellular radiosensitivitv rather than radioresistance, whereas c-mwc expression varies independently of radioresponse (Warenius et al., 1994) . In contrast. an association between abnormalities in p53 expression and cellular radioresistance is evident in assorted haematopoietic cell lineages. including those derived from transgenic mice harbouring a germline p53 mutation (Lee and Bernstein. 1993; Lowe et al.. 1993) . Also. analysis of diverse human tumour types suggests a strong correlation between ineffective radiotherapeutic intervention and the presence of p53 mutations Hollstein. 1993: Levine et al.. 1994 (Reed, 1994; Stewart. 1994 (Figures 3-6 ). In support of this latter notion. in strain 2800T the fraction of S-phase cells at 10 h post irradiation increased to 150% of that in unirradiated cultures as opposed to decreasing to S 20% in normal controls (Figure 6 . bottom). Importantly. A-T cultures. which are known to lack the p53-mediated G, checkpoint in response to radiation (Kastan et al.. 1992: Khanna and Lavin. 1993) . also exhibited a high proportion of cells in S-phase at late times post irradiation.
The fibroblast strains from the cancer-prone family reported here have an unusually complicated phenotype which is unprecedented among other LFS kindreds reported to date. Apart from the assorted anomalies discussed above. some of the RR strains also (i) respond abnormally to the cytotoxic actions of the nucleoside analogues 1-f-Darabinofuranosylcytosine and 6-thioguanine: (ii) contain perturbed topoisomerase II activity; and (iii) display elevated frequencies of chromatid breaks and gaps. both spontaneously and at early times after G.-phase X-irradiation (Cunningham et al.. 1991 : Parshad et al.. 1993 . The excess chromosomal fragility of RR strains presumablv indicates the presence of DNA double-strand breaks due to faulty DNA repair (Parshad et al.. 1993 
